[image: image59.png]


   Proceedings of the 3rd National Conference on Micro/Nanotechnology
   July 20, 2022, Imam Khomeini International University, Qazvin, Iran

Thermal performance investigation of width-divergent tapered microchannel heat sinks
Mostafa Fathi1, Mohammad Mahdi Heyhat2*, Mohammad Zabetian Targhi3, Sajjad Bigham4 
	1  PhD Candidate, Mechanical Engineering Department, Tarbiat Modares University
	mostafa.fathi@modares.ac.ir

	2* Faculty of Mechanical Engineering, Tarbiat Modares University
	mmheyhat@modares.ac.ir

	3 Faculty of Mechanical Engineering, Tarbiat Modares University
	zabetian@modares.ac.ir

	4 Faculty of Mechanical Engineering, Michigan Technological University
	sbigham@mtu.edu


Abstract

This study uses numerical analysis to examine the thermal performance of width-divergent tapered microchannel heat sinks. The influence of increasing channel width with different divergence ratios on the fluid flow and heat transfer characteristics of the tapered microchannels is investigated. In the proposed microchannels, the channel width increases in the flow direction while the channel height decreases. The fluid flow is single-phase, laminar, and incompressible. Ansys CFX is used to solve the governing equations in the solid and fluid domains simultaneously, and conservation of temperature and heat flux is applied to the solid-fluid interfaces. According to the findings, width-divergent tapered microchannels outperform parallel microchannels in terms of average heat transfer coefficient; however, the pressure drop is higher in width-divergent tapered microchannels. While the local heat transfer coefficient decreases in the flow direction in parallel microchannels, the acceleration of the flow due to the decrease in the channel cross-section causes an increase in the heat transfer coefficient downstream mid-length of the channel in width-divergent tapered microchannels. Results also reveal that the case with a lower divergence ratio has the lowest thermal resistance. Furthermore, by considering thermal and hydraulic performance, the case with a smaller divergence ratio has a higher heat transfer coefficient at the same pumping power.
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چكيده
در این مطالعه، عملکرد چاه​های حرارتی مخروطی با عرض واگرا به صورت عددی مورد بررسی قرار گرفته است. تأثیر افزایش عرض کانال با نسبت‌های واگرایی مختلف بر ویژگی‌های جریان سیال و انتقال حرارت میکروکانال‌های مخروطی بررسی شده است. در میکروکانال های پیشنهادی، عرض کانال در جهت جریان افزایش می یابد در حالی که ارتفاع کانال کاهش می یابد. جریان سیال آرام و غیر قابل تراکم و انتقال حرارت تک فاز است. از نرم افزار Ansys CFX برای حل همزمان معادلات حاکم در نواحی جامد و سیال استفاده شده است و پایستگی دما و شار حرارتی در سطح مشترک جامد و سیال اعمال شده است. با توجه به یافته‌ها، میکروکانال‌های مخروطی عرض واگرا از نظر میانگین ضریب انتقال حرارت بهتر از میکروکانال‌های موازی هستند. با این حال، افت فشار در میکروکانال های مخروطی با عرض واگرا بیشتر است. در حالی که ضریب انتقال حرارت موضعی در جهت جریان در میکروکانال‌های موازی کاهش می‌یابد، شتاب جریان به دلیل کاهش سطح مقطع کانال باعث افزایش ضریب انتقال حرارت در نواحی پایین‌دست کانال در میکروکانال​های مخروطی عرض واگرا می‌شود. نتایج همچنین نشان می‌دهد که میکروکانال واگرا با نسبت واگرایی کوچکتر، کمترین مقاومت حرارتی را دارد. همچنین با در نظر گرفتن عملکرد حرارتی و هیدرولیکی، میکروکانال با نسبت واگرایی کوچکتر دارای ضریب انتقال حرارت بالاتر به ازای توان مصرفی یکسان می​باشد.
 کليدواژه​ها: میکروکانال عرض واگرا، میکروکانال مخروطی، عملکرد حرارتی، چاه حرارتی میکروکانالی

Introduction
Microchannel heat sinks can remove high heat fluxes from microchips and maintain the microchip temperature within acceptable ranges. Due to the small hydraulic diameter, the pressure drop is significant in microchannels. Various enhancement approaches, such as using pin-fin, rib, dimple, and nanofluids, have been studied to improve heat transfer and pressure drop in microchannel heat sinks. [1]–[3]. 

The cooling performance of conventional straight microchannel heat sinks has been enhanced by using variable cross-section flow passages. Microchannels with gradually varying cross-section, such as converging and diverging microchannels, are the simplest types of variable flow passage microchannels. Dehghan et al. [4] showed that the Nusselt number increases in the flow direction in width-tapered (width converge) microchannels and the average heat transfer coefficient is higher compared to the parallel microchannels with the same pumping power. Hung et al. [5] demonstrated that width-tapered microchannels have lower thermal resistance than parallel and height-tapered microchannels at constant pumping power. 
Hung et al.[6] argued that increasing the outlet width or height of a microchannel heat sink reduces its thermal performance at a constant pumping power. Fathi et al. [7] showed that although the heat transfer coefficient decreases in height divergent channels, the cooling performance of the heat sink increases due to the increase in heat transfer area and better fluid mixing. Hajmohamadi et al. [8] demonstrated that increasing the height of a microchannel in the flow direction improves its thermal performance while width-divergent channels have a lower heat transfer coefficient compared to parallel ones. Duryiodhan et al. [9] showed that heat transfer in converging microchannels was 25% higher than diverging  microchannels with the same pumping power. Khoshvaght-Aliabadi et al.[10] investigated the thermal performance of a non-uniform cross-section corrugated microchannel heat sink. They showed that as the length of the divergent section of the channel increases, the thermal performance improves. 
As discussed above, increasing the channel width improves thermal performance in corrugated microchannels; however, in straight microchannels, thermal performance deteriorates by diverging the channel in the width direction. This work investigates the influence of increasing channel width in tapered microchannels. In this design, the width of the channel increases in the flow direction while the height of the channel decreases. This pattern creates a convergent-divergent microchannel which could improve heat transfer coefficient and pressure drop.
Physical and Mathematical Model
Geometrical details

Two variable cross-section microchannel heat sinks with the same inlet cross section are created. In both cases, the height of the channel is decreases in the flow direction and the outlet height is 0.4 mm. In Case 1, divergence ratio which is defined as the channel width at the outlet to the channel width at the inlet, is 3 while Case 2 has a divergence ratio of 2. A parallel microchannel with the maximum channel height and width is designed as the reference case. The heat sinks have a total width of 1600 µm and total length of 60 mm. A detailed view of Case 1 is illustrated in Figure 1. 
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Figure 1.  a) Schematic of Case 1 b) variation of the cross section in Case 1
The variation of the cross-section in the flow direction for both cases is illustrated in Figure 2. In Case 1, the cross-sectional area is increased up to the mid-length of the channel and then decreased, and this case is a divergent–convergent microchannel in which the length of diverge and converge sections are equal. In Case 2, the channel throat is moved toward the inlet section, and the length of diverge region of the channel is longer. The details of the geometries are listed in Table 1.
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Figure 2.Variation of the cross-sectional area of the channels
Table 1. Geometrical details of the channel for different cases (dimensions in µm)
	
	Reference Case
	Case 1
	Case 2

	Inlet Height
	1200
	1200
	1200

	Outlet Height
	1200
	400
	400

	Inlet Width
	1200
	400
	400

	Outlet Width
	1200
	1200
	800


Numerical modeling

The conjugate heat transfer approach is used to predict the surface temperature of the heat sink. The Navier-Stokes equations are solved in the fluid domain and the fluid flow is assumed to be steady, incompressible and laminar:
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Radiation heat transfer, natural convection and viscous dissipation are considered to be negligible and the energy equation is solved in the fluid domain:
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In the solid domain, energy equation is
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Water is employed as the coolant fluid and the solid domain material is made of cooper with constant properties. Thermal conductivity and dynamic viscosity are calculated as a function of the fluid temperature, whereas specific heat and density are assumed to be constant: [9]:
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in which 
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The hydraulic and thermal boundary conditions are illustrated in Figure 3. No slip boundary condition is applied for the fluid-solid interfaces. Uniform velocity and temperature are used at the inlet of the channel, and constant pressure is specified at the channel outlet. Heat is applied on the heat sink bottom wall while the other walls are considered to be adiabatic:
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The conservation of heat flux and temperature is specified at fluid-solid interfaces:
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where n is the direction normal to the surface. To reduce the computational cost, the symmetry boundary condition is applied to the side walls of the heat sink. 
ANSYS CFX which is an element based finite volume solver is used to solve governing equations in both solid and fluid domains. The convective terms is approximated using high resolution scheme. Global imbalance of 0.01% and residual value of 
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 is considered for convergence criteria. In addition, the fluctuation of temperature within 0.2% over at least 100 iterations is deemed enough for convergence.
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Figure 3. Computational domain with boundary conditions
Local heat transfer coefficient are defined as follow:
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in which mean fluid temperature is defined as:
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The average heat transfer coefficient is calculated using following equation:
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where q is the heat removed by the flow, A is the fluid-solid surface area, 
[image: image21.wmf]ave

T

 is the average temperature of the fluid-solid interface and 
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is the average of the inlet and outlet fluid temperature. Thermal resistance is defined as follow:
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where 
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is the average temperature of the heat sink bottom wall and 
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 is the fluid inlet temperature.
Grid independence study and validation
The values of average heat transfer coefficient is compared for three different meshes to ensure that the results are independent of the mesh number.  The results are indicated in Table 2.  The variance of the findings within 0.2 percent for two successive meshes is thought to be adequate to consider the results independent of the mesh in order to provide a balance between accuracy and computational expense and mesh No. 2 is chosen for the simulations.
Table 2. Mesh details for grid independency study
	
	Element
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dif.%

	1
	1146862
	5230.1
	0.47

	2
	2328130
	5215.2
	0.18

	3
	4702824
	5205.8
	-


The numerical method is validated against the experimental data of Lee et al.[11]. The average Nu number for different Reynolds numbers are depicted in Figure 4. The experimental data has an uncertainty of 11% and the numerical results agreed well with them.
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Figure 4. Numerical results against experimental data
Results and Discussion
Pressure drop across microchannel for different cases is illustrated in Figure 5. The case with constant cross section has the lowest pressure drop with the same coolant mass flow rate and Case 2 which has the lowest cross-sectional area has the highest pressure drop. The variation of the pressure drop with coolant mass flow rate is linear for all cases. By increasing divergence ratio, the pressure drop decreased in all mass flow rates. The pressure gradient in a microchannel with variable cross-section is made up of two terms: pressure gradient due to inertia and pressure gradient due to friction. Case 1 has an equal area for the inlet and outlet cross-sections, and inertia effects cause no pressure drop in this case. In Case 2, the pressure loss is caused by friction and inertia because the channel area at the outlet is less than the inlet.
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Figure 5. Pressure drop for different cases 
Heat transfer coefficient for different cases for different coolant mass flow rate are depicted in Figure 6. The constant cross section microchannel (Reference Case) has the lowest heat transfer coefficient. It can be seen that the average heat transfer coefficient is about 2 times higher in Case 1 compared to the reference case. Furthermore, decreasing the divergence ratio results in an increase in heat transfer coefficient and Case 2 has the highest heat transfer coefficient. 
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Figure 6. Average heat transfer coefficient for different cases
Variation of the local heat transfer coefficient along flow direction is depicted in Figure 7. In the parallel microchannel (Reference Case), the development of the thermal boundary layer decreases heat transfer coefficient in the flow direction. However, in the variable cross section microchannels (Case 1 and Case 2), heat transfer coefficient decreases up to X=0.03m and them increases up to the channel outlet.  The acceleration of the flow due to the decrease in the channel cross-section results in higher convective heat transfer in the region of X>0.03m. 
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Figure 7. Local heat transfer coefficient along channel length
As indicated in Figure 2, the channel cross-sectional area in Case 1 and Case 2 increases up to the mid-length of the channel and then decreases. However, the heat transfer area decreases in the flow direction in these cases because the top wall of the channel is adiabatic. On the other hand, the heat transfer coefficient in these channels increases downstream the mid-length. Considering these two factors and their opposing effects on heat transfer, the average value of the product of the heat transfer surface area and the heat transfer coefficient, known as the overall heat conductance (HA), is computed. Average overall heat conductance of the channels are compared in Figure 8 at different mass flow rates. It can be observed that heat conductance is higher for Case 2. In addition, the difference between the reference case and variable cross-section cases is lower than heat transfer coefficient values because of the reduction of the heat transfer area.
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Figure 8. Overall heat conductance at different flow rates
Cooling performance of the microchannels is evaluated in terms of thermal resistance. Thermal resistance for different cases is shown in Figure 9 at different mass flow rates. It is evident that thermal resistance improves as the coolant mass flow rate increases. Furthermore, Case 2 has the lowest thermal resistance in all mass flow rates. The improvement in thermal resistance is more noticeable at higher coolant mass flow rates, and employing variable cross-section microchannels can increase thermal resistance by up to 15%.
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Figure 9. Thermal resistance for different cases
As discussed in Figure 5 and Figure 6, heat transfer enhancement in the proposed microchannels is accompanied by pressure drop increment. To consider both thermal and hydraulic performance of the proposed models, the average heat transfer coefficient against the pumping power is depicted in Figure 10. The pumping power is the product of pressure drop and coolant flow rate. With the same pumping power, it can be seen that the variable cross-section microchannels have higher heat transfer coefficient at the same pumping power. In addition, Case 2 which have lower divergence ratio has the best performance. 
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Figure 10. Heat transfer coefficient against pumping power
Conclusions

This study has evaluated the thermal performance of width-divergent tapered microchannel heat sinks using the conjugate heat transfer approach. Increasing the width of the tapered microchannels creates a divergent-convergent microchannel with different throat locations. By considering the parallel straight microchannel as the reference case:
1- The use of microchannels with varied cross-sections increases the heat transfer coefficient. In addition, the microchannel with a smaller divergence ratio has a higher heat transfer coefficient.
2- The pressure drop increases by using variable cross-section microchannels. The frictional loss and inertia effect contribute to the pressure drop in Case 2 because of the reduced flow area in the channel outlet.
3- Thermal resistance is used to evaluate the ability of the microchannel to reduce the average temperature of the heat sink. The thermal resistance of the heat sink is improved by using variable-cross section microchannels. The case with a lower divergence ratio has the lowest thermal resistance.
4- Variable cross-section microchannels provide a higher heat transfer coefficient with the same pumping power. Additionally, the case with the smaller divergence ratio is the optimal design when both thermal and hydraulic performance is taken into account.
Acknowledgement

This work is based upon research funded by Iran National Science Foundation (INSF) under project No.4004033.
Nomenclature
	
[image: image35.wmf]p

c


	Specific heat in constant pressure 
[image: image36.wmf]-1

JKgK

-

éù

ëû

1



	
[image: image37.wmf]h

D


	Hydraulic diameter at channel inlet [m]

	
[image: image38.wmf]p

D


	Pressure drop 
[image: image39.wmf][

]

pa



	
[image: image40.wmf]ave

h


	Average heat transfer coefficient 
[image: image41.wmf]-2-1

WmK

éù

ëû



	
[image: image42.wmf]K


	Overall heat conductance 
[image: image43.wmf][

]

-1

WK



	
[image: image44.wmf]f

k


	Fluid thermal conductivity 
[image: image45.wmf]-1-1

WmK

éù

ëû



	
[image: image46.wmf]s

k


	Solid thermal conductivity
[image: image47.wmf]-1-1

WmK

éù

ëû



	
[image: image48.wmf]L


	Channel length [m]

	
[image: image49.wmf]PP


	Pumping power [W]

	
[image: image50.wmf]w

q

¢¢

  
	Heat flux on the bottom wall of heat sink 
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